The Drosophila PNG Kinase Complex Regulates the Translation of Cyclin B  by Vardy, Leah & Orr-Weaver, Terry L.
Developmental Cell
Short ArticleThe Drosophila PNG Kinase Complex
Regulates the Translation of Cyclin B
Leah Vardy1 and Terry L. Orr-Weaver1,2,*
1Whitehead Institute
2Department of Biology, Massachusetts Institute of Technology, Cambridge, MA 02142, USA
*Correspondence: weaver@wi.mit.edu
DOI 10.1016/j.devcel.2006.10.017SUMMARY
The Drosophila PAN GU (PNG) kinase com-
plex regulates the developmental translation of
cyclin B. cyclin B mRNA becomes unmasked
during oogenesis independent of PNG activity,
but PNG is required for translation from egg
activation. We find that although polyadenyla-
tion of cyclin B augments translation, it is not
essential, and a fully elongated poly(A) is not
required for translation to proceed. In fact,
changes in poly(A) tail length are not sufficient
to account for PNG-mediated control of cyclin
B translation and of the early embryonic cell
cycles. We present evidence that PNG func-
tions instead as an antagonist of PUMILIO-
dependent translational repression. Our data
argue that changes in poly(A) tail length are not
a universal mechanism governing embryonic
cell cycles, and that PNG-mediated derepres-
sion of translation is an important alternative
mechanism in Drosophila.
INTRODUCTION
Translational regulation plays key roles in development by
keeping maternal mRNAs inactive until the appropriate
developmental time (Tadros and Lipshitz, 2005). It directs
pattern formation (Dean et al., 2002) and inXenopus is crit-
ical in regulating the cell cycle in embryogenesis (Grois-
man et al., 2002). In the early division cycles in Drosophila,
S phase and M phase oscillate without Gap phases or
cytokinesis. These cycles are transcriptionally silent and
are controlled entirely by maternal mRNAs and proteins,
so there is a requirement for posttranscriptional control.
These cycles provide the opportunity to decipher how
translational regulation contributes to cell cycle control.
In Drosophila, a crucial regulator of these S-M cycles is
the PNGkinase complex. Embryos laid bymothersmutant
in genes encoding either the regulatory subunits pluto-
nium (plu) and giant nuclei (gnu) or the kinase subunit
pan gu (png) proceed through rounds of S phase with-
out mitosis, resulting in giant polyploid nuclei (Freeman
et al., 1986; Lee et al., 2003; Shamanski and Orr-Weaver,
1991). The crucial downstream cell cycle target of theDevelopmePNG kinase complex is Cyclin B, and mutations in any
of the three genes encoding the PNG complex proteins
result in dramatically decreased Cyclin B protein levels,
but do not affect transcript levels (Fenger et al., 2000;
Lee et al., 2003).
During development, manymRNAs are kept translation-
ally silent, or are masked, by a short poly(A) tail that is
elongated at the appropriate developmental time to allow
translation to proceed (Tadros and Lipshitz, 2005). In Xen-
opus, cyclinB1 translational activation and cytoplasmic
polyadenylation appear intimately linked, and polyadenyl-
ation is necessary for the unmasking of cyclinB1 mRNA
(Barkoff et al., 2000; de Moor et al., 2005). In Drosophila,
little is known about the regulation of mitotic Cyclin trans-
lation, and a broad understanding of the mechanisms of
translational regulation during development is lacking.
The translational repressor PUMILIO is the founding
member of the conserved PUF family of proteins (for a
review, see Wickens et al., 2002). In Drosophila, PUM is
expressed throughout the embryo and plays a role in pat-
terning and pole cell formation (Asaoka-Taguchi et al.,
1999; Lehmann and Nusslein-Volhard, 1987; Macdonald,
1992). It binds the cis-acting Nanos Response Element
(NRE) in the hunchback (hb) 30UTR and with NANOS and
BRAT functions to repress translation in the posterior of
the embryo (Barker et al., 1992; Murata and Wharton,
1995; Sonoda and Wharton, 2001). The mechanism of
translational regulation is not known, but hb is regulated
in both a poly(A)-dependent and -independent manner
(Chagnovich and Lehmann, 2001; Wharton and Struhl,
1991; Wreden et al., 1997). In the anterior of the embryo,
PUM plays a role in the translational repression of bicoid,
and this is thought to occur through promotion of deade-
nylation (Gamberi et al., 2002).
PUM represses cyclin B translation in the posterior of
the embryo (Asaoka-Taguchi et al., 1999) by binding the
NRE in the 30UTR and recruiting NANOS (Sonoda and
Wharton, 2001). cyclin B mRNA localizes around the
syncytial nuclei and at the posterior pole, where it will be
incorporated into the developing pole cells (Dalby and
Glover, 1992, 1993; Raff et al., 1990; Whitfield et al.,
1989). NANOS is found predominantly at the posterior of
the embryo, so PUM was not thought to repress cyclin B
translation in the vicinity of the syncytial nuclei (Murata
and Wharton, 1995; Wang and Lehmann, 1991). Given
that PUM localizes throughout the embryo and its ability
to affect the expression of different mRNAs, it is possiblental Cell 12, 157–166, January 2007 ª2007 Elsevier Inc. 157
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the cell cycle.
We explore how the PNG kinase complex controls
Cyclin B levels. We show that PNG is required at egg
activation for the continued translation of Cyclin B and
suggest that it regulates translation on multiple levels. In
addition, we show that PUM represses Cyclin B expres-
sion throughout the embryo, not just at the posterior pole.
RESULTS AND DISCUSSION
The PNG Complex Is Required for the Translation
of Cyclin B at Egg Activation
To test if the png mutants have a defect in cyclin B trans-
lation, we used an mRNA injection assay with dual lucifer-
ase reporters. The Renilla and firefly luciferase reporter
genes have different substrates and can thus be detected
independently in the same assay (Chagnovich and Leh-
mann, 2001; Tuschl et al., 1999). The Renilla was used
as a control, and the firefly luciferase gene was flanked
with the cyclin B 50and 30UTRs (50FF30-cycB). Capped
Renilla and firefly mRNAs were injected into 0–45 min
postdeposition embryos from wild-type, png1058, or gnu305
mothers. Although an mRNA with the cyclin B 50 and
30UTRs flanking the firefly luciferase gene was translated
to yield high levels of luciferase activity in wild-type
embryos, there was a dramatic reduction in translation in
the png1058 or gnu305 mutant embryos (Figure 1A).
To see if the effect of pngmutants on cyclin B translation
is specific to the cyclin B 30UTR sequences, we compared
the efficiency of translation in png mutants between
50FF30-cycB and the Firefly luciferase gene alone (FF) or
flanked with the a-tubulin 30UTR (FF30-a-tub). After injec-
tion into png mutant embryos, FF and FF30-a-tub mRNAs
showed high luciferase activities, while the 50FF30-cycB
mRNAs showed under 20% luciferase activity compared
to FF (Figure 1B). This suggests that pngmutants fail spe-
cifically in the translation of cyclin B. A firefly luciferase
gene placed under the control of the cyclin B 30UTR alone
showed similar behavior to 50FF30-cycB, implying that the
50UTR is not significantly influencing the translation of this
construct (data not shown). These data support the idea
that the PNG kinase complex plays a role in the translation
of cyclin B, and that pngmutants fail to overcome repres-
sion conferred by the cyclin B 30UTR.
ManymRNAs transcribed during oogenesis aremasked
to prevent translation and have to be unmasked for trans-
lation to proceed. In Drosophila, cyclin B mRNA is un-
masked inmature oocytes (stage 14) in anORB (CPEB ho-
molog)-dependent manner (Benoit et al., 2005). Mature
oocytes become activated as they pass through the
uterus, and several mRNAs are polyadenylated and trans-
lated in unfertilized eggs and fertilized embryos as a result
of egg activation (Salles et al., 1994). We sought to deter-
mine at what point PNG becomes essential for translation.
Similar to Benoit et al., we observed a sharp increase in
Cyclin B protein levels in stage-14 oocytes as the mRNA
is unmasked, and this high level of protein is maintained
in activated eggs (Figure 1C). Although high levels of158 Developmental Cell 12, 157–166, January 2007 ª2007 ElseCyclin B were present in stage-14 oocytes in the pngmu-
tant, levels were compromised in mutant, activated eggs
from png mutant mothers (Figure 1C). This indicates that
PNG does not play a significant role in the initial unmask-
ing of the cyclin BmRNA, but it is required for its continued
translation after egg activation. This suggests that there is
rapid turnover of the Cyclin B protein after egg activation
that must be matched with PNG-dependent translation
to ensure high Cyclin B levels.
cyclin B Translation in Early Embryos
Is Regulated both by Polyadenylation
and the PNG Kinase Complex
Because we found that cyclin B transcripts colocalize with
PNG complex components (see Figure S1 and associated
text in the Supplemental Data available with this article on-
line), we looked at the localization of cyclin B transcripts in
png mutant embryos. We found that they localized nor-
mally to the posterior of the embryo and around the nuclei,
even when they were polyploid and had no evidence of
PNG kinase function (data not shown). This indicates
that the PNG complex plays a role in the translational reg-
ulation of cyclin B without affecting mRNA localization.
A second possibility was that PNG functions to regulate
polyadenylation, a mechanism for unmasking maternal
mRNAs (for a review, see Tadros and Lipshitz, 2005).
We performed PAT assays (Salles and Strickland, 1999)
on developing egg chambers, mature oocytes, and early
embryos to determine poly(A) tail length. Wild-type
stage-1 to -11 egg chambers contain cyclin B mRNA
with short poly(A) tails. These tails are elongated to about
100 As in mature stage-14 oocytes, and upon egg activa-
tion, the poly(A) tail is further elongated to 150 As (Fig-
ure 1C) (originally shown by Benoit et al., 2005). Mature
oocytes from png1058 mutant mothers had normal cyclin
B poly(A) tail lengths; however, in eggs from png mutant
mothers, the increase in poly(A) tail length seen in wild-
type embryos was not present. A 30% reduction in tail
length was also seen in unfertilized eggs (data not shown)
and embryos from gnu and plu mutant mothers (Fig-
ure 1D). This finding and data from Benoit et al. (2005)
indicate that the unmasking of cyclin B translation occurs
in a multistep fashion (Figure 4A). In stage-14 oocytes,
polyadenylation and translation proceed in an ORB-
dependent and PNG-independent manner, whereas at
egg activation, PNG is required for the second increase
in poly(A) tail length and for continued translation.
To examine whether polyadenylation also promotes
cyclin B translation, we made double mutants between
the poly(A) polymerase hrg and png (Juge et al., 2002)
by using a weak allele of hrg that does not affect viability
or fertility (hrgKG01510A) (Bellen et al., 2004). In the absence
of PNG kinase activity, S phase occurs without mitosis
such that the meiotic products and the pronuclei become
polyploid and fuse into a single multilobed nucleus (Free-
man et al., 1986; Shamanski and Orr-Weaver, 1991).
Residual PNG kinase function in the weak png3318 mutant
permits a limited number of mitotic divisions, but these
nuclei ultimately become polyploid. These multiple nucleivier Inc.
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(A) 50FF30-cycB was injected with the control Renilla luciferase mRNA into embryos from wild-type or png1058 or gnu305mutant mothers. The relative
luciferase activity was calculated by comparing the firefly luciferase signal to the Renilla control signal. The firefly activity in pngmutants is presented
as a percentage of the activity in wild-type. The error bars show the range observed in three experiments.
(B) Specificity of translational repression in png. 50FF30 cycB or FF30-a-tub were injected with the control Renilla luciferase into png1058 embryos.
Luciferase levels were compared to the Firefly luciferase mRNA alone (FF). The error bars show the range observed in three experiments.
(C) Top panel: western analysis of Cyclin B protein levels during oogenesis and in unfertilized eggs fromwild-type and pngmutants. Tubulin is used as
a loading control in this and all subsequent figures. Bottom panel: cyclin B-specific PAT assays on stage-1 to -11 egg chambers, stage-14 egg cham-
bers, and 0–2 hr unfertilized eggs fromwild-type and pngmutants. The arrows indicate the top of the poly(A) tail smear in this and subsequent figures.
(D) PAT assays showing cyclin B poly(A) tail lengths in ovaries and 0–2 hr fertilized embryos fromwild-type or png1058, plu6, or gnu305mutant mothers.
(E) png;hrg double mutant analysis. Embryos from png3318;hrg and png3318mutant mothers were stained with DAPI. A total of 3% of png3318;hrg
embryos had over five nuclei, compared to 21% in the png3318 mutant alone (200 embryos were counted per genotype).
(F) Embryos from png3318;hrg and png3318 mutant mothers were examined by immunoblotting for Cyclin B.
(G) PAT assays measuring cyclin B poly(A) tail length.Developmental Cell 12, 157–166, January 2007 ª2007 Elsevier Inc. 159
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sufficient levels of Cyclin B for some S-M cycles to occur
(Fenger et al., 2000; Lee et al., 2001). hrg;png3318 double
mutants showed a strong enhancement of the mutant
phenotype, as measured by the number of polyploid
nuclei in the embryos (Figure 1E). A total of 3% of
hrg;png3318 embryos had over five polyploid nuclei, com-
pared to 21% in the png single mutant. Cyclin B protein
levels were further decreased (Figure 1F) and PAT assays
showed decreased tail lengths compared to either single
mutant alone (Figure 1G), suggesting that failure in poly-
adenylation leads to decreased Cyclin B protein levels.
This demonstrates that polyadenylation does augment
translation, and that the PNG complex may, at least in
part, control the translation of mitotic cyclins through pro-
motion of polyadenylation in the early embryo.
Removal of PUMILIO Dramatically Suppresses
the png Phenotype
As cyclin B is translationally repressed in pngmutants, we
wanted to identify the proteins responsible for this re-
pression. Given the ability of PUMILIO to regulate the
translation of cyclin B in the posterior of the embryo
(Asaoka-Taguchi et al., 1999), it could also function
throughout the embryo to repress cyclin B translation.
Double mutants were made between png and the strong
pum alleles pumMsc and pumFC8. These pum mutant
females produce embryos with no detectable PUM pro-
tein, resulting in a failure in translational repression of
cyclin B in the posterior of the embryo (Asaoka-Taguchi
et al., 1999; Barker et al., 1992). When embryos laid by
png3318;pumMsc/+ and png3318;pumFC8/pumMsc mothers
were compared, we found that the absence of PUM pro-
tein dramatically suppressed the png mutant phenotype.
Nuclei in embryos laid by png3318;pumMsc/+ mutant
mothers cannot progress through more than a few mito-
ses before becoming polyploid (Figure 2A, panel 1). In
contrast, png;pum double mutants produced embryos
that underwent many rounds of normal mitosis (Figure 2A,
panels 2 and 3). In the early cycles, mitotic spindles
formed apparently normally, and there was almost no
sign of polyploidy in the zygotic nuclei. Quantification of
this phenotype (Figure 2B) showed that less than 10% of
the embryos laid from png3318;pumMsc/+ mutant mothers
have over 40 nuclei. If both copies of pum are removed, as
in png3318;pumFC8/pumMsc, over 65% of embryos pro-
ceed through the early S-M cycles and have over 40
nuclei. In addition, these embryos do not show the poly-
ploid nuclei characteristic of the png3318 phenotype in
the earlier cycles, and abnormalities in mitotic DNA only
become apparent in the later cycles when the embryos
have over 40 nuclei. This suppression was consistent
with PUM being downstream of PNG in cyclin B transla-
tional regulation, although it could be accounted for by
PNG and PUM acting in parallel pathways.
When the levels of Cyclin B between the single and dou-
ble mutants (Figure 2C) were compared, we saw that re-
moval of both copies of pum in a png3318 mutant resulted
in restoration of Cyclin B to near wild-type levels, further160 Developmental Cell 12, 157–166, January 2007 ª2007 Elsimplicating PUM in the translational repression seen in
the pngmutants. A significant percentage of the embryos
had mitotic nuclei in the anterior of the embryo, the oppo-
site end from where cyclin B is kept translationally re-
pressedbyPUMandNOS in theposterior (Figure 2A,panel
4). This argues against the possibility that the suppression
is due solely to derepression of cyclin BmRNA at the pos-
terior pole.Mutations in thepummutant alonealso showed
increased Cyclin B protein levels compared to wild-type,
further implicating PUM in regulating the translation of
Cyclin B throughout the early embryo (Figure 2D). To our
knowledge, these results provide our first insight into the
regulation governing the translation of Cyclin B throughout
the embryo during the early division cycles.
Polyadenylation Is Not Absolutely Required
for the Translation of cyclin B
To determine if PUM was responsible for the decreased
poly(A) tails in the png mutant, PAT assays were per-
formed. Embryos from png3318;pumFC8/pumMsc mutant
mothers showed no restoration of poly(A) tail length com-
pared to the png mutant alone (Figure 2E), indicating that
rescue of Cyclin B protein levels occurs independently
of poly(A) tail length. PUM has been shown to regulate
the translation of hb in the posterior of the embryo in
a poly(A)-dependent and -independent manner (Chagno-
vich and Lehmann, 2001; Wharton and Struhl, 1991; Wre-
den et al., 1997); thus, it is possible that it could use
similar, multiple mechanisms for cyclin B. These results
demonstrate that PUM functions to regulate the trans-
lation of cyclin B throughout the embryo, and that this
occurs, at least in part, in a poly(A)-independent manner.
Overexpression of poly(A) polymerase has been shown
to cause the elongation of poly(A) tails of a number of
mRNAs in embryos (Juge et al., 2002). Tadros et al.
(2007) (this issue of Developmental Cell) have shown that
overexpression of PAP in embryos results in increased
Cyclin B levels, presumably due to longer poly(A) tail
length. However, when they look at the effect of overex-
pressing PAP in png mutants, they fail to see an increase
in Cyclin B protein levels. This suggests that restoration of
polyadenylation in a pngmutant is not sufficient to restore
translation.
ORB protein binds the cyclin B mRNA, and orbmel mu-
tants have compromised poly(A) tails and Cyclin B levels
in stage-14 oocytes (Benoit et al., 2005). We looked in em-
bryos for similar phenotypes. PAT assays showed that in
embryos from orbmelmutant mothers, cyclin B poly(A) tails
were short (Figure 3A), but Cyclin B protein levels were
normal (Figure 3B). ORB protein levels are greatly de-
creased in mature oocytes and embryos (Figure 3C), but
it still appears to have a role in promoting poly(A) tail length
at egg activation. While these data support the conclusion
that a compromised poly(A) tail is sufficient for cyclin B
translation, we cannot rule out the possibility that the nor-
mal Cyclin B levels seen were carried over from mature
oocytes.
As an independent test of whether polyadenylation is
required for cyclin B translation, we examined the abilityevier Inc.
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PNG Regulates Cyclin B TranslationFigure 2. Mutations in the Translational Repressor pumilio Strongly Suppress the png Mutant Phenotype
(A) 0–3 hr embryo collections from png3318;pum/TM3 (panel 1) or from png3318;pumFC8/pumMsc mutant mothers (panels 2 and 4) were stained for
DNA. Panel 3 shows normal spindles in double mutant embryos stained for tubulin in green and DNA in red. Panel 4 shows a png;pum embryo stained
with a DNA stain showing strong suppression of the polyploid phenotype in the anterior of the embryo. The single polyploid nucleus seen in the
png;pum embryos likely corresponds to the polar body that is not rescued in the double mutant.
(B) Quantification of the png;pummutant phenotype. Embryos with over or under 40 nuclei (100 embryos per genotype) were scored for the presence
of condensed mitotic chromosomes. Almost all of the embryos with under 40 nuclei from png3318;pumFC8/pumMSC showed evidence of mitotic pro-
gression, while most png3318;pum/TM3 embryos had polyploid nuclei. Less than 10% of png3318;pum/TM3 embryos have over 40 nuclei, while
most of the png3318;pumFC8/pumMsc embryos progress this far, although they do eventually show abnormal nuclei.
(C) Western analysis of Cyclin B protein levels in wild-type and png3318 and pum single and double mutants.
(D) pumFC8/pumMSC embryos were examined by immunoblotting for Cyclin B.
(E) PAT assays on embryos from png3318;pum/TM3, png3318;pumFC8/pumMSC, and png3318 mutant mothers. Arrows show the full and shortened
poly(A) tail lengths.of cyclin B mRNA with and without a poly(A) tail to sup-
press thepngmutant phenotype. Cordycepin is amodified
nucleotide that prevents polyadenylation when added to
the 30 end of the mRNA (Darnell et al., 1971; Maale et al.,Developm1975; Moore et al., 1986). Poly(A) polymerase was used
to add a poly(A) tail or cordycepin to the 30 end of the cyclin
B mRNA. These mRNAs were injected into embryos from
png3318mutantmothers. The number of polyploid nuclei inental Cell 12, 157–166, January 2007 ª2007 Elsevier Inc. 161
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PNG Regulates Cyclin B TranslationFigure 3. Expression of Cyclin B Protein in the Absence of Polyadenylation
(A) PAT assays on 0–2 hr embryos from wild-type and orbmel mutant mothers. orb mutants have a poly(A) tail of only 50 As.
(B) Western blot analysis showing Cyclin B levels in the orb mutants.
(C) Comparison of ORB protein levels in early egg chambers, stage-14 oocytes, and activated eggs.
(D)UASp-gnuwasmisexpressed by using the nanos-GAL4 driver, stage-10 to -13 egg chambers were dissected, and Cyclin B levels were measured
by immunoblotting.
(E) Stage-11 egg chambers from nanos-GAL4 females with and without the UASp-gnu transgene were fixed and stained with Cyclin B antibodies.
(F) PAT assays from gnu-misexpressing ovaries showing poly(A) tails in immature oocytes, mature stage-14 oocytes, and laid embryos.
(G) gnu was overexpressed in embryos under the bicoid 30UTR. Embryos were examined for Cyclin B and tubulin levels by immunoblotting.the embryos was counted tomeasure suppression, due to
the translation of the injected mRNA. A total of 32.5% of
control embryos had over six nuclei (Table S1), while
48.1% of embryos injected with polyadenylated cyclin B
mRNA and 47.5% of embryos injected with cyclin B-
cordycepin mRNA had over six nuclei. This indicates that
cordycepin at the 30 end of the mRNA does not interfere
with translation efficiency, further evidence that polyade-162 Developmental Cell 12, 157–166, January 2007 ª2007 Elsnylation is not essential for cyclin B translation in the early
embryo.
We next analyzed the consequence of misexpression
of the PNG complex during oogenesis when cyclin B
mRNA is masked. Misexpression of gnu in ovaries results
in PNG-dependent sterility (Renault et al., 2003), so we
misexpressed gnu in ovaries by using UASp gnu-GFP
and the nanos gal4 driver (Brand and Perrimon, 1993;evier Inc.
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PNG Regulates Cyclin B TranslationFigure 4. Model for PNG Kinase
Complex Regulation of Mitotic Cyclin
Translation
(A) Model depicting the steps in cyclin B un-
masking and translational activation. cyclin B
mRNA initially is unmasked in mature oocytes
in an ORB-dependent (Benoit et al., 2005)
and PNG-independent manner. Upon egg
activation, PNG is required for the further poly-
adenylation of cyclin B and for normal protein
levels. At this stage, polyadenylation is ORB
dependent, but translation is not.
(B) PNG has dual roles in the regulation of
cyclin B translation in the early embryo. It plays
a role in the polyadenylation of cyclin B, but this
is not essential for translation. PNG’s essential
role is to regulate the translation of cyclin B
around the syncytial nuclei in a poly(A)-inde-
pendent manner, likely through regulation of
PUM. In the posterior, PUM, with NOS, binds
the NRE in the cyclin B 30UTR (in red) to repress
translation. As NOS is nearly exclusively at the
posterior pole, PUM likely has another binding
partner through which it mediates its effect on
translation throughout the embryo. Active PNG
kinase complex is required to restrict the activ-
ity of PUM around the syncytial nuclei (in blue),
thus allowing translation of cyclin B to proceed.
In a png mutant, PUM binds inappropriately to
the cyclin B 30UTR and inhibits its translation,
which ultimately leads to a failure in mitotic
progression. A is anterior; P is posterior.Rorth, 1998) and looked at Cyclin B protein levels. As in
the original observations, abnormalities in nurse cell nuclei
were seen from stage 11 onward, and no normal mature
stage-14 oocytes were produced (Renault et al., 2003).
Cyclin B was greatly increased in later-stage egg cham-
bers in a PNG-dependent manner (Figures 3D and 3E) in-
dicating that GNU is functioning through the PNG kinase
complex to promote Cyclin B accumulation.
We performed PAT assays to see if activation of the
PNG kinase complex was promoting premature polyade-
nylation of cyclin BmRNA. The increase in Cyclin B levels
did not correspond to an elongation of the poly(A) tail
length (Figure 3F), suggesting that the increased Cyclin
B levels seen in gnu-misexpressing strains are not due
to enhanced poly(A) tail length. While it is a formal possi-
bility that the increase in ovarian Cyclin B levels is due to
enhanced protein stability, we think it unlikely given the
demonstrated role of PNG in the translation of cyclin B.DeveloWe see a similar increase in Cyclin B protein levels in em-
bryos misexpressing gnu under the bicoid 30UTR (Zhang
et al., 2004) (Figure 3G). Thus, when the PNG kinase com-
plex is activated inappropriately, it can promote the accu-
mulation of Cyclin B in both embryos and ovaries. These
data also show that in addition to being a subunit of the
PNG kinase complex, GNU is sufficient to promote activa-
tion of PNG and thus promote the accumulation of Cyclin
B protein. These data are consistent with the idea that one
of the primary roles of the active complex is to directly en-
hance the levels of mitotic Cyclins.
Conclusions
Taken together, these data indicate that in Drosophila
translation of cyclin B can proceed in the absence of poly-
adenylation in ovaries and syncytial embryos. Polyadeny-
lation is not required for the unmasking of the mRNA, but
it may play a role in fine-tuning translation. We proposepmental Cell 12, 157–166, January 2007 ª2007 Elsevier Inc. 163
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and independent—in promoting cyclin B translation. At
egg activation, PNG is needed for full-length poly(A) tails,
and this may augment translation. Our data indicate, how-
ever, that PNG also promotes translation independently of
poly(A) tail length, most likely by overcoming repressive
action by PUM. Removal of PUM in a pngmutant therefore
allows translation of the target mRNA even if the poly(A)
tails are not fully elongated (Figure 4B).
Tadros et al. (2007) show that SMAUG (SMG) protein
levels and the poly(A) tail are decreased in the pngmutant,
and that restoration of poly(A) tail length by overexpress-
ing poly(A) polymerase is not enough to promote smaug
translation in a png mutant. Thus, PNG also appears
to regulate smaug translation in a poly(A)-dependent
and -independent manner. This indicates that multiple
levels of translational regulation may be a common strat-
egy in development.
If the PNG kinase complex functions ultimately to regu-
late the activity of PUM, one of the key questions concerns
the nature of this regulation. As NANOS is found predom-
inantly at the posterior pole (Wang and Lehmann, 1991),
PUM may be able to recruit different factors to the target
mRNA (Figure 4B). The defect seen in png is likely due
to a failure to relieve translational repression as opposed
to a failure in activation, because injection of excess
amounts (1 mg/ml) of the 50FF30cycB transcript into png
mutant embryos allows translation to proceed at much
stronger levels (data not shown). This suggests that the re-
pressor is limiting in this reaction, thus allowing translation
to proceed, and is consistent with PUM being down-
stream of PNG. It will be interesting to determine the na-
ture of the PNG kinase substrates and how they relate to
PUM function.
PNG likely has multiple targets, because removal of
PUM in a pngmutant does not completely restore the em-
bryonic divisions. While the early syncytial cycles can
progress in a png;pum double mutant, mitosis still fails
in the later S-M cycles. Tadros et al. (2007) show that
SMG protein levels are decreased in the png mutant due
to a failure in translation. SMG protein levels are not
restored in a png;pum double mutant, and given SMG’s
role in progression through cycle 11/12 (Dahanukar et al.,
1999), it provides an explanation for why the embryos fail
at this stage (Tadros et al., 2007). An independent role
for the PNG kinase complex later in embryogenesis
has been described in the maternal mRNA degradation
pathway (Tadros et al., 2003). Although these pathways
appear to be independent, in each case translational
regulation of a key component appears to be the mech-
anism: Cyclin B to control the S-M cycles and SMG to
control maternal transcript destruction (Tadros et al.,
2007).
We have established a role for the PNG kinase complex
in the translational regulation of cyclin B in the early syn-
cytial cycles ofDrosophila. A role for the PNG kinase com-
plex in protein stability has been suggested (Zhang et al.,
2004), and it is possible that it could act to regulate Cyclin
B levels by multiple mechanisms. Our data, however, re-164 Developmental Cell 12, 157–166, January 2007 ª2007 Elseveal it to be a key regulator of cyclin B translation, ensuring
coordinated passage through these early cycles.
EXPERIMENTAL PROCEDURES
Drosophila Stocks
Crosses were performed, and flies were kept between 22C and 25C
by using standard techniques (Greenspan, 1997). Thewild-type stocks
used were yw and Oregon R. The png1058, png50, png3318, plu3 (Fenger
et al., 2000; Shamanski and Orr-Weaver, 1991), and gnu305 (Freeman
and Glover, 1987; Freeman et al., 1986) alleles have been described.
Females transheterozygous for the pumilio alleles In(3R)Msc and
T(1;3)FC8 (Barker et al., 1992) were used to obtained pumilio mutant
embryos. These flies were from Ruth Lehmann and Robin Wharton.
The hrg[KG01510A] mutant was from the Berkeley Gene Disruption
Project (Bellen et al., 2004). UASp gnu-GFP and gnu-GFPbcd30UTR
were from Myles Axton. For the PLU-GFP transgene, genomic plu
was subcloned into the GFP vector pTacSGreeF. The entire plu-GFP
transgene was then cloned into pCaspeR4.
Immunofluorescence and Staining
0–2 hr embryos (0–3 hr for png;pum) were dechorionated, methanol
fixed, and stained with DAPI or propidium iodide. For immunostaining,
embryos and ovaries were fixed in 4% and 8% formaldehyde, respec-
tively, and prepared by using standard methods (Shamanski and Orr-
Weaver, 1991). Guinea pig anti-GFP antibody was used at 1:1000
(Mary-Lou Pardue), and anti-Cyclin B F2F4 was used at 1:5 (Lehner
and O’Farrell, 1990). In situ hybridizations to cyclin B were performed
by using full-length fluorescein-labeled RNA probes (Roche) following
the manufacturers directions. For additional details, see the Supple-
mental Data.
RNA Injection Assays
The firefly luciferase ORF (Tuschl et al., 1999) was flanked with the cy-
clin B 50 and 30UTRs or with the a-tubulin 30UTR. The pSP64 vector was
digested at an Nsi1 site at the 30 end of the 30UTR and was resected
with Vent DNA polymerase. Capped mRNAs were made by using the
SP6 mMessage mMachine kit (Ambion). 0–30 min embryos were de-
chorionated and prepared for injection. A total of 10 ng/ml Renilla
and 50 ng/ml firefly mRNA were injected into 50 embryos. After
90 min at room temperature, the embryos were processed for the
Dual-Luciferase Reporter Assay (Promega). cyclin B mRNA was syn-
thesized from the NB40 vector with the SP6 mMessage mMachine
kit (Ambion). A poly(A) tail or Cordycepin (Sigma) was added by using
the Poly(A) Tailing Kit (Ambion). A total of 250 ng/ml mRNAwas injected
into 300 0–45 min postdeposition png3318 embryos. After 90 min, the
embryos were harvested, methanol fixed, and stained with propidium
iodide.
Western Analysis and PAT Assays
Protein extracts were made by homogenizing embryos or ovary
extracts in 3:1 USB:embryo (vol./vol.). Antibodies were used at the
following dilutions: mouse monoclonal Cyclin B F2F3 (Lehner and
O’Farrell, 1990), 1:200; rat anti-b-tubulin (YL1/2 and YL1/34, Harlan
Seralab), 1:200. Alkaline phosphatase-conjugated secondary anti-
bodies were used to detect bound primary antibodies. Embryo or
ovary mRNA was isolated by using the PolyATtract system 1000
(Promega). PAT assays were performed with 100 ng mRNA as de-
scribed (Salles and Strickland, 1999). cDNA was made by using the
Reverse Transcription System (Promega). PCRs were performed
with message-specific primers and were separated on a 2% Meta-
Phore agarose gel and stained with ethidium bromide. Alternatively,
PCRs were performed with 32P dATP and were separated on 5% ac-
rylamide gels before being dried and exposed as autoradiographs.
PCR primers are available upon request.vier Inc.
Developmental Cell
PNG Regulates Cyclin B TranslationSupplemental Data
Supplemental Data include results on cyclin B mRNA localization and
Supplemental Experimental Procedures and are available at http://
www.developmentalcell.com/cgi/content/full/12/1/157/DC1/.
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